ABSTRACT: This study was conducted to evaluate the effects of Platycarya strobilacea S. et Z. (PSE) extract on mouse hair growth and to determine the mechanism of action of PSE. PSE was purchased and its antioxidant activities, such as electron donating ability, total polyphenol content, and flavonoid content were tested. Toxicity during topical treatment was determined by the CCK-8 assay, a cell viability test. Fifteen 4-week-old male C57BL/6 mice were assigned to receive one of three treatments: dimethyl sulfoxide (negative control), minoxidil (positive control) or PSE. Test materials were topically applied to the shaved dorsal skin of each mouse daily for 3 weeks. After 21 days, we observed skin tissue hair follicle morphology and length, mast cell number, and stem cell factor (SCF) expression using hematoxylin and eosin (H&E), toluidine blue, and immunohistochemical staining, respectively. Furthermore, the expression of cytokines involved in hair growth [i.e., insulin-like growth factor (IGF)-1, keratinocyte growth factor (KGF), and transforming growth factor (TGF)-β1] was determined by PCR. PSE was found to have very high antioxidant activity. The cell viability rate of PSE-treated mice was markedly higher than that of mice in the control group. We also observed an increase in hair follicle length, strong SCF staining, and a decrease in mast cell number in the PSE group. In addition, PSE-treated mice had higher IGF-1 and KGF expression and lower TGF-β1 expression than mice in the minoxidil-treated group. These results suggest that topical application of PSE promotes hair growth by intensifying SCF, suppressing mast cell production, and increasing hair growth-promoting cytokine expression.
INTRODUCTION
Although global economic growth has enriched the overall quality of life since the 1980s, individuals are still exposed to external stimulation and numerous diseases. Alopecia is defined as a state in which hair does not exist in typical areas of the body, with a general loss of thick and dark hair. The primary cause of alopecia is genetic, but many other factors may participate in hair loss, including social, psychological, and mental stress, local infection, and endocrine disorders (1) (2) (3) (4) . When a human hair follicle is exposed to external stimulation, immunocytes and neutrophils are activated to cause an inflammatory response. This accelerates the follicle's transition to the catagen and telogen phases, causing destruction of the hair follicle system and inducing hair follicle cell apoptosis and hair loss (5) .
Alopecia areata occurs in 2% of the population. Hair loss may affect up to 70% of men and 50% of women at some point in their lifetime. The frequency and severity of hair loss increases with age (6) . Currently, two hairgrowth stimulating agents are approved by the United States Food and Drug Administration: minoxidil, an ointment; and finasteride, an oral medication (7) . In its early stages, minoxidil was used as an antihypertensive, but because patients who took this drug developed hirsutism, it began to be used as treatment for alopecia instead (8) . Minoxidil is known to induce dilation of scalp blood vessels, increase blood flow, and activate hair mother cells, thus decelerating the progress of alopecia and accelerating hair growth (9) . Finasteride was the first oral medicine used for androchronogenetic alo-pecia, and is known to prevent alopecia and promote hair growth by suppressing the formation of type II 5α-reductase (10) .
The effects of minoxidil on hair growth are observed in >50% of patients; however, there is a very high rate of alopecia recurrence when treatment is discontinued (10, 11) . Reported side effects of minoxidil and finasteride use include weight gain, edema, cardiac impulse increase, angina, dermatitis, pruritus, and male sexual dysfunction (12, 13) . Both minoxidil and finasteride cause more serious side effects (e.g., hormone imbalance and fetal deformities) in fertile women (7, 14) . For this reason, many people are interested in natural materials that can accelerate hair growth and minimize adverse effects.
Platycarya strobilacea S. et Z. (PSE) is a small deciduous broadleaf tree belonging to the wild walnut family. PSE trees are distributed throughout Korea. Traditionally, PSE fruits and roots have been used medicinally (15) . According to previous studies on PSE, 5-hydroxy-2-methoxy-1,4-naphthoquinone contained in the aerial root of PSE is an antifungal agent against tomato late blight (16), and a compound isolated from PSE leaves has shown strong anticancer activity against solid cancer cells (17). Thus far, studies on PSE have been limited to fractionation studies on the compounds contained in PSE. Research on the physiological activation, anti-inflammatory effects, and immune effects of PSE is very limited, and there have been no studies on the effects of PSE on alopecia or hair growth.
Therefore, this study was undertaken to investigate the effect and mechanism of action of PSE on hair growth. Hair growth and cytokine expression were observed and hair follicles were examined histologically after the topical application of PSE extract to mouse dorsal skin.
MATERIALS AND METHODS

Sample pretreatment and dilution
PSE was purchased from the Korea Plant Extract Bank, Korea Research Institute of Bioscience and Biotechnology (Deajeon, Korea). For the analysis of total polyphenols, total flavonoids, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging capacity, 20 mg of PSE was added per 1 mL of 50% methanol and extracted for 24 h in a water bath set to 37 o C. The extract was then filtered through a 0.2 μm syringe filter (PALL Life Sciences, Port Washington, NY, USA) and diluted to a concentration of 1 mg/mL. The diluted sample was protected from light and stored in a refrigerator for future analysis.
Total polyphenol content
The total polyphenol content of the PSE extract was measured using the modified Folin-Denis method (18) . After dilution with 50% methanol, a 0.5 mL sample was mixed with 0.5 mL of Folin-Denis reagent (Fluka, Buchs, Switzerland) and incubated for 3 min at room temperature. After 3 min, 0.5 mL of 10% sodium carbonate solution (Samchun Pure Chemical, Pyeongtaek, Korea) was added to the sample, the mixture was incubated for 1 h at room temperature, and the absorbance was measured at 760 nm using a 7315 UV-VIS spectrophotometer (Jenway, Bibby Scientific Ltd., Staffordshire, UK). The measured absorbance was used to determine the polyphenol concentration of PSE against a tannic acid standard curve (Yakuri Pure Chemicals Co., Ltd., Kyoto, Japan).
Total flavonoid content
To determine the total flavonoid content, 0.5 mL of the pretreated sample was mixed with 5 mL of diethylene glycol (Junsei Chemicals, Tokyo, Japan) and 0.5 mL of 1 N NaOH (Duksan Pure Chemicals Inc., Ansan, Korea). The resulting mixture was mixed well and then incubated for 1 h in a 37 o C water bath. The absorbance of the mixture was measured 3 times at 420 nm by a 7315 UV-VIS spectrophotometer. To determine the total flavonoid content, the measured absorbance was converted to % naringin equivalents using a naringin (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) standard curve.
DPPH radical scavenging capacity
To determine the DPPH radical scavenging capacity, a 0.5 mL PSE sample was diluted to 25 mg/100 mL and added to 3 mL of DPPH reagent. The mixture was allowed to react for 20 min in the dark room. The absorbance of the resulting mixture was measured at 517 nm by a 7315 UV-VIS spectrophotometer. The formula below was used to calculate the electron donating ability (EDA) from the measured absorbance.
EDA (%)= Blank absorbance−Sample absorbance ×100 Blank absorbance
CCK-8 assay of cytotoxicity
The CCK-8 assay (Cell Counting Kit, Sigma, St. Louis, MO, USA) was used to determine cell viability. The cells used in the cytotoxicity test were originally derived from the human follicle dermal papilla cells (HFDPC) of a 33-year-old Caucasian woman and were purchased from Promocell (Heidelberg, Germany). The HFDPC were incubated to eight succeeding generations and then transferred into 96-well plates and pre-incubated for 24 h at 5% CO 2 and 37 o C. The PSE was diluted to 8 different concentrations (4.9 ppm, 9.8 ppm, 19.5 ppm, 39.1 ppm, 156.3 ppm, 625.0 ppm, 2,500.0 ppm, and 10,000.0 ppm), and 10 μL of each concentration was added to each well; DMEM media was used as a negative control, minoxidil was used as a positive control, and triton X-100 (Sigma) was used as a blank. The plates were incubated for 24 h at 5% CO2 and 37 o C. Then, 10 μL of CCK-8 reagent was added to each well and the cells were incubated for approximately 2 h. When the color differences between the comparison groups were maximal, the absorbance of each well was measured at 450 nm (test wavelength) and 650 nm (reference wavelength) by an ELISA reader (IDEXX Laboratories, Inc., Westbrook, ME, USA). The measured absorbances were used to determine cell viability according to the formula given below. 
Experimental design of in vivo study
Fifteen 4-week-old male C57BL/6 mice were purchased from the Central Lab, Animal Inc. (Seoul, Korea). The mice were allowed to acclimate to their surroundings for 2 weeks, to lead to the early onset of the telogen phase in mice hair cycles. At week 6, the mice were divided into 3 experimental groups: the dimethyl sulfoxide (DMSO)-treated group (i.e., negative control group; NC group), the minoxidil-treated group (i.e., positive control group; PC group), and the PSE extract-treated group. Mice were randomly assigned to the experimental groups (5 mice per group) and were singly housed in cages to minimize the loss of the topically applied extracts by contact with other mice. To prepare the PSE extract for topical application, 20 mg of PSE extract was added to 1 mL of DMSO (Samchun Pure Chemical) and warmed for 24 h in a 37 o C water bath. Then the mixture was filtered through a 0.2 μm syringe filter (PALL Life Sciences) and diluted with DMSO to a concentration of 1 mg/1 mL. A 5% minoxidil solution (Hyundai Pharm. Co., Ltd., Seoul, Korea) was purchased from a drugstore for use as a positive control, and DMSO was used as a negative control. The dorsal skin of mice was shaved 1 day prior to the start of the experiment. The samples (100 μL) were applied to the dorsal skin at the same time daily for 3 weeks. The mice were maintained in a temperature-controlled (22±1 o C) room with 50∼60% relative humidity and a 12-h light/ dark cycle; food and water were provided ad libitum. For visual observation of hair growth, the dorsal skin to which the each experimental treatment was applied was photographed on days 0, 7, 14, and 21. All animal work was approved by the Animal Ethic Committee of ChungAng University (approval no. 13-0058).
Euthanasia of experimental animals and skin tissue preparation
On day 22 of the experiment, CO 2 was used to euthanize the experimental animals and the skin tissue was removed from the treated area of each mouse. Exactly 0.05 g of the removed tissue was put in a standard bag (BA6040; Seward Ltd., Worthing, UK) and 500 μL of diethyl pyrocarbonate-distilled water (DEPC-DW; Bioneer, Daejeon, Korea) was added to destroy the tissue structure. A 250 μL aliquot of the treated sample was placed in an Eppendorf tube for RNA extraction. Other tissues were fixed in formalin (Sigma) and stored until future analyses.
Hematoxylin and eosin (H&E) staining for hair follicle morphology
H&E staining was performed by the routine Mayer method (19 
Toluidine blue staining for mast cell count
Toluidine blue staining was performed by modifying the method of Schroeder (20) . Just as in the H&E staining method, 3 μm sections were cut from each paraffin block and affixed to a glass slide. After the paraffin was removed, the slide was dehydrated in xylene and ethanol and then stained for 2 min in a working solution that was prepared by mixing 5 mL toluidine blue (Fluka) and 45 mL 1% sodium chloride. A Leica DM 500 optical microscope with a 200× objective was used to count the number of mast cells in the skin and hypoderm.
Immunohistochemical staining for stem cell factor (SCF)
The immunohistochemical staining was conducted by modifying the method of Kong (21) . Each tissue piece was sliced to a 3 μm thickness, affixed to a glass slide, and placed in xylene and ethanol to be dehydrated. 
Cytokine analysis
To determine the levels of cytokines involved in hair growth, the mRNA expression of 5 cytokines, insulinlike growth factor (IGF)-1, keratinocyte growth factor (KGF), and transforming growth factor (TGF)-β1 were relatively quantified. cDNA was synthesized by reverse transcription after total mRNA extracted from the dorsal skin tissue of each C57BL/6 mouse. Polymerase chain reaction (PCR) was used to amplify each gene of interest after mixing the resulting cDNA with each gene primer set.
IGF-1 and KGF were quantified by gene amplification The primer sets were purchased from Bioneer and used at a 100 pmol concentration in DEPC-DW; the primer sequence of each gene is shown in Table 1 .
Statistical analysis
Collected data were analyzed by one-way ANOVA using the SPSS Statistics vers 17.0 (SPSS Inc., Chicago, IL, USA). Duncan's multiple range test was used for post-hoc analysis. Differences between groups were considered significant when P<0.05. All experiments were repeated at least 3 times to assess reproducibility, and data are provided as mean±standard error (SE).
RESULTS AND DISCUSSION
Antioxidant activity of PSE
Because the current alopecia treatments, minoxidil and finasteride, have temporary effects and cause numerous side effects, there has been a growing interest in natural materials that encourage hair growth and have no side effects. Previous research indicates that high-antioxidant materials such as fermented Liriope platyphylla, green tea, onion extract, and wild rose root extract, have high antioxidant activities and high hair growth-promoting effects (22) (23) (24) (25) , with suppression of alopecia-promoting cytokine activities. Researchers are actively seeking natural materials that promote hair growth (26). Kim et al. (27) compared the antioxidant activity of 40 different native plants and herb-medicine resource extracts. They found that Lespedeza cuneata G. Don and Artemisia scoparia Waldst. et Kitamura had the highest polyphenol (223.90 mg/g and 228.45 mg/g, respectively) and flavonoid (90.15 mg/g and 77.65 mg/g, respectively) contents of the samples tested. The results of the present study indicate that the polyphenol and flavonoid contents of PSE are 366.44±3.81 mg/g extract weight and 152.65±0.21 mg/g extract weight, respectively (Table 2) , which is 1.6 times higher than the polyphenol and flavonoid contents of Lespedeza cuneata G. Don and Artemisia scoparia Waldst. et Kitamura. EDA (electron donating ability) is a representative index of antioxidant activity and is defined as the ability to maintain stable condition of substance by donating electrons to active oxygen molecules. Without stabilization, active oxygen can cause infection, damage blood vessels, and cause cardiovascular and cerebrovascular diseases by creating oxide stress in the human body (28) . The EDA of PSE is 73.73±0.06% (Table 2) , which is similar to that of Lespedeza cuneata G. Don (75.69%) but is 1.7 times higher than the free-radical scavenging capacity of Artemisia scoparia Waldst. et Kitamura (44.69%). The EDA of PSE extract is similar to the previously reported EDA value (74%) for butylated hydroxytoluene, a synthetic antioxidant (29) .
Cell viability
The viability of HFDPC treated with varying concentrations of PSE is shown in Fig. 1 . When the viability of the NC group was adjusted to 100%, the viability of cells in the 4.9 ppm PSE group was 101.0%, which is similar to the viability rate of the NC group. The cell viability rate increased to 131.6% with the 9.8 ppm PSE treatment and peaked at 134.8% (i.e., approximately 1.34 times higher than that of the NC group) with the 19.5 ppm PSE treatment. However, the cell viability rate decreased steadily from 128.3% to 114.3% to 98.9%, at the 39.1 ppm, 156.3 ppm, and 625.0 ppm treatment levels, respectively. At the 1,250 ppm and 2,500 ppm PSE treatment levels, the cell viability rate decreased considerably. The lowest cell viability rate (56.6%) was observed at the highest PSE concentration (10,000 ppm), indicating that high PSE concentrations are associated with cytotoxicity.
Hair growth
Results of the visual observation of hair growth after 3 weeks of topical PSE extract application are shown in Fig. 2 . Seven days after PSE extract application, 2 mice in the NC group, 1 mouse in the PC group, and 3 mice in the PSE-treated group exhibited melanin pigmentation that caused the skin to darken, indicating that melanin had migrated to the skin surface during the transition from telogen to anagen (30, 31) . In addition, 2 mice in the PSE group exhibited hair growth seven days after PSE extract application. Fourteen days after PSE extract application, 4 mice in the NC group, 3 mice in the PC group, and all 5 mice in the PSE group exhibited hair growth at the sample-treated spot. Mice in the PSEtreated group experienced a shorter time before hair regrowth and had a higher number of re-grown hairs than mice in the NC and PC groups. After 21 days, all groups exhibited hair growth.
Histological observation
Results of the H&E, toluidine blue, and immunohistochemical staining of the dorsal skin tissue after 3 weeks of PSE extract application are shown in Fig. 3 . Observation of the shape and depth of H&E stained follicles revealed that the hair follicles of the NC group and PC group were irregularly shaped and located closer to the skin surface, whereas those of the PSE group had a regular shape and were stably located−a better result than that of the other groups. Measurement of hair follicle depth using the scale bar program of an optical microscope (Table 3) revealed that the NC group had a hair follicle depth of 758.33±150.05 μm, the PC group had a hair follicle depth of 655.00±145.45 μm, and the PSE-treated group had a hair follicle depth of 843.33± 84.33 μm. Although no significant differences were found, the hair follicle depth of the PSE-treated group was the deepest of all the groups, confirming that the hair roots were formed very firmly. It has been widely accepted that minoxidil encourages hair growth by inducing dilation of scalp blood vessels, increasing blood flow, and activating hair mother cells (9) . In our study, the PC group did show delayed hair growth compared to the NC and PSE groups. This may be because minoxidil normally works on follicles in the telogen phase first to shed, which are then replaced by thicker hairs in a new anagen phase. That is why the PC group showed delayed hair growth. It seemed that there was time difference in hair growth depending on the treatments. From the findings of the present study, we believe that hair growth was fastest in the PSE-treated group due to the accelerated transition from telogen to anagen.
Mast cells control hair growth by creating and releasing growth control factors such as cytokines, eicosanoids, proteases, glycosaminolycans, and inflammatory mediators (32, 33) . Paus et al. (34) reported that the histamine released by mast cells undergoing degranulation delays rodent hair growth and causes alopecia. In addition, mast cells may participate in regulation of hair growth (35) . In the present study, the number of mast cells stained by toluidine blue is as follows: PC (7.00±0.71)> NC (6.33±0.88)> PSE (1.50±0.29). Notably, there are markedly fewer mast cells in the PSE-treated group than in the other groups (P<0.001). These findings suggest that PSE may improve hair growth by suppressing excessive mast cell proliferation better than minoxidil, which had the highest number of mast cells.
Immunohistochemical staining revealed that SCF expression in the hair follicles, mast cells, and skin of the NC group and the PC group is lower than SCF expression in the hair follicles, mast cells, and skin of the PSE-treated group. This finding indicates that SCF stimulation may be responsible for the enhanced hair growth observed in the PSE-treated group.
Quantification of cytokine gene expression
Various cytokines play essential roles in the growth and differentiation of cells. Cytokines that are important to hair growth include IGF-1, KGF, and TGF-β1. IGF-1 is synthesized in dermal papilla cells and is a controlling factor that suppresses the transformation of the hair growth cycle to catagen. KGF stimulates hair follicle proliferation. In contrast, TGF-β1 inhibits hair follicle growth. TGF-β1 also accelerates transformation of the hair growth cycle from anagen to catagen and suppresses the proliferation and spread of hair follicles (36, 37) .
IGF-1 and KGF are cytokines that improve hair growth, while TGF-β1 is an element that suppresses hair growth. After the gene expression level of the NC group was set to 1.0, statistical comparison revealed that IGF-1 expression was highest (P<0.001) in the NC group, followed by the PSE group (0.65±0.07), and the PC group (0.29±0.07) (Fig. 4) . These results are similar to those of previous research on the hair growth effect of Sophora flavescens extract (38) , which revealed that the IGF-1 expression level of the extract-treated group was higher than that of the minoxidil-treated group. In the present study, KGF expression was highest in the PSE group (1.30±0.28) and lowest in the PC group (0.93±0.16). This may indicate that PSE treatment improves hair growth by increasing the expression of hair-growth promoting cytokines such as IGF-1 and KGF, which may act synergistically to further enhance hair growth. TGF-β1 induces alopecia through its involvement in the induction of the catagen phase of the hair growth cycle; the mechanism of action for this effect is increased hair follicle matrix cell apoptosis (39) . With increased TGF-β1 expression, hair follicle proliferation is not completed and reproduced follicles are reduced, resulting in thin and short hairs (40) . In this study, TGF-β1 expression was 1.49±0.10 in the PC group and 1.04±0.08 in the PSE-treated group, indicating that the expression of hair growth-suppressing elements was higher after minoxidil application than after DMSO or PSE application (P<0.001). For this reason, it is believed that PSE would be a better hair growth treatment than minoxidil.
In conclusion, the topical application of PSE induced better hair follicle morphology, decreased mast cell number, and increased SCF expression. In addition, PSE intensified the expression of several hair growth-promoting cytokines and thus modulated the transformation of the hair growth cycle. Therefore, we conclude that PSE may be a more potent agent for the prevention and treatment of alopecia than minoxidil, the existing chemical ointment for alopecia and hair loss. However, further research is necessary to determine the bioactive component and mechanism of action responsible for PSE-related hair loss prevention.
